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REPORT SUMMARY

During the period from March 1975 - August 1975 we have designed
and fabricated a high pressure e-beam controlled discharge cavity. Fol-
lowing the discovery of the KrF* laser by pure e-beam pumping, laser
action in an e-beam controlled discharge was obtained in May 1975. We

have also investigated the possibility of building a NO y-band laser.
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' ; I. E-REAM STABILIZED DISCHARGE EXPERIMENT

The e-beam stabilized discharge apparatus is composed of four
.},}.‘7 major parts.
(1) Electron Gun

i (2) Laser/Discharge Cavity

(3) Discharge Circuitry

{ (4) Diagnostics

In this section these components will be described.

1. ELECTRON GUN

Under a previous ARPA/MICOM contract, a cold cathode electron

3 gun was developed. A cross-sectional diagram of the electron gun is given
in Figure 1. This gun produces an e-beam having an energy of 150 keV, a
current density of 20 A/cmz, a pulse length of 125 or 250 nsec and a cross-
sectional area of 10 cm x 25 cm, . Oscillograms of the gun voltage and cur-
rent are given in Figure 2. The uniformity of the e-beam current density
over its cross-sectional area was shown to be within + 5% through the use
of standard blue cellophane/spot densitometry techniques. These measure-
ments were made at the gun anode where the beam current had not been

smoothed by scattering in the foil or gas. Beam current densities in the

| range between 0.1 and 20 A/cm2 can easily be extracted from this gun by

using beam attenuator screens. Therefore, this gun was readily adaptable

b to provide a wide range of preionization levels for e-beam stabilized dis -

charge research.

I * Under the FY 75 Laser Discharge Studies contract a new cathode for this
E gun was designed so that an e-beam with a current density up to 50 A/cm?
W and a cross-sectional area of 2.5 cm x 25 cm can be produced.

7




COLD CATHODE ELECTRON GUN
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Figure 1 Schematic of Electron Gun




VOLTAGE
VERTICAL
300kV/cm
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50nsec/cm

VERTICAL
6000 amps /cm
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50 nsec/cm
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3500 amps/cm

HORI2Z
I00 nsec/cm

Figure 2 Electron Gun Voltage-Current Characteristics with a Graphite
Cathode
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The design and operation of this gun represents an important step
in cold cathode electron gun research and its applications to the develop-
ment of efficient, high power visible lasers. This is true for two reasons.
First the gun is efficient. Nearly all (90%) of the energy stored in the pulse
forming cable is converted into e-beam energy at 150 keV. This efficiency
is achieved because of the inherently rapid turn on/turn off characteristics
of the pulse forming cable. Effectively all of the beam electrons leaving the
cathode are accelerated through the full anode-to-cathode potential so that
beam energy losses in the foil are minimized. This condition will be espe-
cially important when repetitive pulsing of the electron gun becomes important.
One of the main limitations on the repetition rate (and hence average power)
of a laser is associatcd with limits on the foil cooling capability. Therefore,
efforts at minimizing foil heating are rewarded directly in increased average
laser power capability.

The second advantage of this electron gun design is its simplicity.
Only one spark gap is involved so that the gun is readily multiply-pulsed at
high rep rate (with the addi’cio'n of spark gap gas flow and a higher current
300 kV DC power supply). Therefore, only the foil cooling capability devel-
oped under the AERL CO2 laser programs must be adapted to give high rep
rate, efficient gun performance,
2. LASER/DISCHARGE CAVITY

The existing discharge cavity is shown schematically in Figure 3.
This cavity was designed so that intrinsic discharge/laser performance
could be accurately observed on a small scale without complications ari-ing

from e-beam scattering, etc.

10
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E | The suitably-attenuated e-beam enters this cavity from vacuum : :

through an 80% open foil support structure and a 1 to 2 mil thick kapton

foil. The beam then passes through a grounded s.s. wire mesh of variable

be transmittance (which serves as the discharge cathode) and preionizes the

laser mixture. The beam is collected on an s.s. Rogowski-shaped discharge

e

anode,

i Optical access to the 2 cm » 2 ¢m x 20 cm discharge cavity is pro-
vided by quartz windows aligned at Brewster's angle to the long dimension
of the cavity. Two aluminum mirror mount supports are rigidly attached
to the massive s.s. plate forming one end of the electron beam vacuum
chamber. The sidewalls of the cavity box are machined from lucite. A

@ G10 backplate provides additional support so that the cavity can support =

laser mixture pressures of up to 3 atmospheres. A LN, baffled, 2" diffusicn .

pump system is used to establish a cavity base pressure of = 10-5 torr. An

2 all stainless steel gas manifolding system has been built so that up to three C

gases can be mixed in situ in tue laser cavity. The experiment is housed in

a room compatible with the use of toxic gases.
4 3. DISCHARGE CIRCUITRY

A low inductance ( ~120 nh overall) capacitive discharge circuit is
used to pulse the anode positively with respect to the cathode as shown in
Figure 3, A specially designed trigatron spark gap, with a jitter time less E
than 10 nsec and a separate HV trigger generator, is used to switch the
g | 0.1 pf capacitor (90 kV DC) across the discharge electrodes. In this manner, ’ E
the delay between the firing of the discharge and the e-beam can be independ- .

ently controlled. A series 2 § resistor is used to absorb most of the capacitor

i 12




energy after an arc occurs and prevent damage to the cavity. The 20 Q
shunt resistor serves two purposes. First it damps oscillations in discharge

' voltage (and current) caused by stray circuit capacitance and inductance.

This ringing can produce an undesired overshoot in the initial discharge volt-
age (auu lead to premature arcing) under conditions of high initial discharge

resistance. This 20 Q resistor is also used as part of the discharge voltage

| monitor. The current through this resistor is monitored by a calibrated
current transformer. The product cf current and resistance then gives thae

voltage across the discharge electrodes as a function of time. This novel

5y
i

b method of measuring discharge voltage was developed because standard volt-

age divider techniques (resistive or capactive) were found to be unreliable
and/or noisy.

With the circuitry described above discharge cnergy inputs of up to
1 kJ/liter at electric fields of up to 40 kV/cm can be achieved. The discharge
| . current risetime depends on the conductivity of the laser mixture and hence
| the preionization level. The 10% to 90% current risetime (as a function of

time) is given by:
2.2 L
&0 =R +20

where L = 120 nh and R(t) is the total discharge resistance. For example
with a constant discharge current density of 102 A/cm2 and an electric field
of 20 kV/cm, the discharge resistance is 10 Q. Under these conditions a

! current risetime of 22 nsec would be achieved.

3 4. DIAGNOSTICS

i Diagnostics for the measurement of e-beam and discharge voltages

§ . .
and currents, time-resolved and time-averaged fluorescence spectra and

| 13



discharge uniformity have all been developed. The gun cathode voltage is
measured by means of an AERL-designed capacitive voltage probe located

in the transition section between the gun spark gap and the gun cathode as
shown in Figure 1. The total cathode current is also monitored in this transi-
tion section with a self-integrating Rogowski loop. A technique for measuring
the total beam current transmitted to the discharge anode has also been devel-
oped. The laser cavity is first filled with ~ 25 Torr of SF6. The discharge
anode is then shorted to ground with a low inductance copper sheet. When the
e-beam is fired, the beam current is forced to return through this sheet since
the SF6 scavenges the secondary electrons and prevents a plasma return cur-
rent. The current which is monitored in this externral ground return, after
corrections for backscatter from the anode and gas and foil scattering, gives
a measure of the beam current density in the laser cavity. The voltage across
the discharge electrodes is measured in the manner described above. The
discharge current is measured in the low inductance cathode ground return
circuit as shown in Figure 3. Both 1/4 and 1/2 meter Jarrel-Ash monochro-
meters with photomultiplier tubes spanning a wide wavelength range in the
visible and UV are available for time -resolved spectroscopy. Wavelength
resolution to =~ 1 & ie possible. Two Hilger prism spectrometers are also
available for wume-averaged spectroscopy. Finally, cameras for obtaining

high resolution pictures of the discharge and its uniformity are also available.

14




- II. ELECTRON-BEAM-CONTROLLED DISCHARGE PUMPING
. OF THE KrF LASER

Recently, lasing action in the rare-gas-monohalide systems has

been predicted(l' 2) and observed. 6~15) To date these lasers have been

pumped by high-energy e-beams only. In this chapter lasing action of
KrF™ in an atmospheric-pressure electron-beam-controlled discharge is
discussed.

Discharge pumping of these laser systems can lead ultimately to
increased average laser power and efficiency over that achievable with
e-beam pumping. (6) For e-beam pumping, the principal limitation on
average laser power achievable can be calculated from the average power
that can be put through the foil separating the electron gun vacuum chamber
from the laser cavity. The limitations on the average power through this
foil can be calculated from a consideration of the self-magnetic-field of the
e-beam, foil heating, and beam energy. Pinching of the e-beam under the
influence of its own magnetic field limits one dimension of the volume which
can be pumped and therefore the single pulse energy (for a given beam energy

and laser length). Foil heating limits the repetition rate at which the laser

can operate. The repetition rate together with the single pulse energy

(1) J.J. Ewingand C.A. Brau, Phys. Rev. Al2, 129 (1975).

(2) J.E. Velazcoand D.W. Setser, J. Chem. Phys. 62, 1990 (1975).
. (3) C.A. Brauand J.J. Ewing, Appl. Phvs. Lett. 27, 435 (1975).
(4) J.J. Ewing and C.A, Brau, App!. Phys. Lett. 27, 350 (1975).
(5) S.K. Searles and G.A, Hart, Appl. Phys. Lett, 27, 243 (1975).
(6) J.A. Mangano and J,H. Jacob (unpublished).
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determines the average laser power. For fixed input power densities,
e-beam-controlled discharge pumping requires e-beam current densities
< 0.2 of that required by pure e-beam pumping. Therefore, the limita-
tions on average laser power discussed above are greatly reduced for a
fixed pumping power density. This argument assumes, of course, compa-
rable laser electrical efficiencies for both pumping methods. In fact, dis-
charge pumping may be more efficient for the rare-gas-monohalide systems
for three reasons:

(i) Beam energy losses in the foil and its support structure are less.
(ii) Energy losses due to scattering of the electron beam in the foil and gas
are reduced, (iii) Rare-gas metastable production efficiencies may be lar-

ger, 40-50% with e-beam pumping(7)

(8)

against a possible 70% with discharge
pumping.
The laser experiments were carried out in the high-vacuum high-
pressure discharge cavity that is described in detail in Section I. In the
experiments, the beam from a cold cathcde electron gun (150 keV, 8 A/cmz,

300 nsec, 2 x 20 cm) was used to preionize atmospheric-pressure mixtures

containing Ar, Kr, and FZ‘ The beam, which was generated in a vacuum

chamber, entered the discharge cavity (2 x 2 x 20 cm3) through an 80%

transparent foil support structure, a 2-mil aluminized Kapton foil and a

70% transparent wire screen. The wire screen served as a grounded discharge

(7) R.M. Hill, R.A, Gutcheck, D.L. Huestis, D. Mukherjee, and D. C,
Lorents, Stanford Research Institute Report No. MP74-39, 197« (un-
published).

(8) In pure Ar, for example, the AERL Boltzmann code predicts a metas-
table production efficiency of 71% for elecivic fields of 2 kV/cm atm.
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cathode. A stainless steel Rogowski-shaped discharge anode was placed

2 ¢m from this cathode. Approximately 40 nsec after the start of the e-beam
pulse, a spark gap was triggered which switched a 0. 3-uF capacitor across
the discharge electrodes. A series 2-Q water resistor was used to absorb
most of the capacitor energy if arcing occurred, thereby preventing damage
to the laser cavity.

Prior to filling, the discharge cavity was typically evacuated to = 10-4
Torr with a LNZ-baffled diffusion pump system. The entire discharge cavity
was passivated with a 1% F2/99% Ar mixture for 2 h prior to the laser ex-
periments. Gas mixtures were prepared in passivated stainless steel sample
cylinders (1 liter) at pressures up to 102' psia and were allowed to stand for
several hours before use to ensure complete mixing.

Optical access to the discharge cavity was provided by uv-grade quartz
windows spaced 60 cm apart and aligned at Brewster's angle to the long (20
c¢m) dimension of the cavity. A stable 2.3-cm-diam optical resonator was
formed by aligning flat and spherical (radius of cu.vature = 2 m) mirrors
each having an output coupling of 1.3% at the KrF* laser wavelength. The
mirrors were placed 80 cm apart.

In Table 1, the laser and discharge performance is summarized for
six values of the mean discharge electric field. The input power by the e-
beam was about 0.03 MW/cm3. The laser mixture contained FZ/Kr/Ar at
a total pressure of 1 atm. The mixtire mole fractions were chosen to be
0.001/0.02/0.979, respectively, to minimize the formation of Kr dimers. (4)
The first column in the table lists the observed total laser pulse energies as
measured with a Scientech calorimeter (model 360203). From these data it
can be seen that the laser pulse energy increases monotonically with increasing

discharge electric field and therefcre power input.
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The laser electrical efficiency is cefined here as the laser output
energy divided by the discharge energy put into the laser cavity during the
stable portion of the discharge pulse. (9) The measured laser efficiencies
rise rapidly after laser threshold is reached, peak, and then decrease rapidly
with increasing discharge power input. A possible explanation for the decrease
in laser efficiency at higher input power is increased losses caused by me-
tastable excitation and ionization as the metastable population becomes large.
Energetic plasma electrons can, of course, readily excite and ionize the £r
and Ar metastables while 248, 5-nm photons can ionize them.

The onset lag is defined as the time between discharge and laser turn
on. As expected, this time lag is maximum near threshold and decreases to
approximately 100 nsec with increasing pumping power. The magnitude of
the onset lag is determined by the relevant kinetic transivr times and reaction
rates as well as the discharge current risetime. Firally, the last column in
Table 1 gives the duration of the stable portion of the discharge pulse before
the onset of discharge arcing. At the larger electric field values, discharging
arcing occurred simultaneously with e-beam turn off. Rapid e-beam turn off
is accompanied by a large increase in plasma resistivity: F2 attaches the dis-
charge electrons. The subsequent increase in discharge voltage, induced by
the circuit inductance and the rapid change in discharge current, results in
immediate discharge arcing.

Laser and discharge performances were also investigated for six

values of the laser mixture pressure between 0.75 and 3 atm. The FZ/Kr/Ar

(9) Obtaining the efficiency in this manner is valid because discharge experi-
ments performed with no e-beam preionization of the atmospheric-pressure
laser mixture resulted in immediate discharge arcing. No laser action
was observed under these operating conditions.

19
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mole fractions were held tixed at 0. 001/0.02/0.979, respectively. The
capacitor charge voltage in these experiments was 60 kV. It was found that
laser action at 0. 5 atm could not be achieved with discharge electric fields
up to 5.6 kV/cm, For pressures = 0.75atm, laser action was achieved.
The mean power input remained approximately constant at 1 MW/cm3 and
the input energy was about 0.1 J/c:m3 over the pressure range stvlied. The
laser efficiency was found to vary between 0,05 and 0, 08% and the laser out-
put energy between 3.2 and 5.8 mJ. The onset lag and laser pulse width
(FWHM) steadily decreased with increasing pressure: the former from 140
to 60 nsec and the latter from 90 to 40 nsec.

In Figure 4 oscillograms are presented which show the time variation
of the electron gun cathode current, discharge voltage and current, and the
laser pulse. These oscillograms were obtained under conditions similar to
those described above. Note that the discharge voltage remains nearly con-
stant for ~ 100 nsec and abruptly begins to decay. This discontinuity in dis~
charge voltage slope marks the transition from a stable discharge to discharge
arcing. A similar effect on total discharge current is also observed. The
laser output pulse was attenuated by a factor of = 104 and viewed with a photo-
diode (ITT F4000 S5). Laser action was not observed with the mirror oppo-
site the photodiode blocked. Peak laser powers in excess of 100 kW have been
observed. However, in the laser e., riments performed to date, the laser
output always peaked after the termination of the stable portion of the discharge
pumping pulse. Hence, no evidence of bottlenecking has been seen, indicating
an unbound or very weakly bound lower lacer level. (4) The spontaneous emis-

sion spectrum of KrF* is shown in Figure 5. This spectrum was obtained c~

20
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Figure 4 Oscillograms Showing Temporal Variation of E-beam Current,
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a 1/2-m Hilger quartz spectrograph by removing one of the mirrors from
the laser cavity and attenuating the spontaneous emission signal by a factor
of 10. The vibrational band structure is clearly visible in the spectrum. (10)
The lower trace shows the line narrowing characterizing laser action onthese
bands. Laser action is shown on two lines: the stronger at 248. 5 nm and the
weaker at 249. 5 nm. The reason for the double line emission is presently
not known.,

Although the maximum efficiency observed in the discharge cavity
was 0.2%, it is felt that much higher efficiencies are possible if most of the

following cavity losses are eliminated: (i) Loss of 1.4% per pass per Brewster

window. (ii) Loss of 2% per pass per atmosphere of the laser mixture through

the 60 cm between windows because of F, absorption. (11} 554) Loss of 0. 4%

per pass because of photoionization of Kr*, o2l The output coupling was 1.3%
per mirror. So the total loss per round trip was about 13% of which only 2. 6%
was output coupling. Therefore, the efficiency can probably be increased to
about 1% by increasing the output coupling and eliminating the ¥, absorption
regions at both ends of the cavity.

Threshold lasing by e-b2am pumping alone was achieved in the laser
cavity with an input power of 0. 04 MW/cm3. The total mixture pressure was
] 5atm. From the considerations discussed above, the optical cavity loss

was about 17%. Assuming that KrF* is produced by the following reaction:

(10) C.A. Brauand J.J. Ewing, J. Chem. Phys. (to be published).

(11) Jack G. Calvert and James N. Pitts, Jr., Photochemistry (Wiley,
New York, 1966), p. 184.

(12) In computing the loss due to photoionization we have assumed a cross
section of 10-19 ecm2. This is just the nhotoionization cross section
of Rb at 2485 &,
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Kr™ + F, = KrF* + F

and the lifetime of KrF* is 10 or 20 nsec, a branching ratio of 0.15 - 0.3 is
estimated. The branching ratio is < 1 because Kr* + F, can form other
products. If Kr* can be produced with a 75% efficiency in a discharge, the

possible efficiency of the KrF laser is 5-10%.
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L. N, /NO LASER KINETICS

1. INTRODUCTION

In this section we investigate the possibility of making an NO v-band
laser by energy transfer from NZ(A)' The A-state of N, transfers its energy
efficiently and rapidly to NO(A) which subsequently radiates on several bands.
The most intense bands are between 236-285 nm. From a linear Boltzmann
code analysis the results of which are shown in Figure 6, it appears that at
electric fields of 24 kV /cm-atm 30-40% of the energy ends up in the electronaic
states of nitrogen. Most of this energy will cascade to the A-state.

Figure 7 shows typical NZ/NO discharge data. The mixture contained
3 Torr of NO in an atmosphere of NZ' For the run shown in Figure 7 the elec-
tric field obtained for the first 150 ns was slightly greater than 25 kV/cm
atm. The mean discharge current at this electric field was about 100 A/cm2
and the energy deposited in the gas was 375 J/liter. The initial voltage drop
is due to the capacitor discharging. An arc occurred about 500 ns after the
discharge voltage was applied. This indicates that we could put in an even
greater amount of energy at these voltages. In Figure 7 we also see the
fluorescence at 2362 R corresponding to the NO(A, v = 0) - NO(X, v = 1)
transition. The fluorescence increased when the voltage is turned on and
begins to decay as the discharge voltage decreases. The second increase in
the signal is noise from the arc. Notice that the time scales in the upper and
lower photographs are 100 ns/div. and 200 ns/div. respectively.

In Figure 8 we see a time-averaged spectrum of the light from the

NZ/NO discharge. It is appareri from this figure that most of the radiated
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PERCENTAGE ENERGY PARTITIONING
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22 26 30

E/P(kV/cm atm)

Figure 6 Fraction of Discharge Energy into Various Excited States of N
as a Function of E/p as Predicted by the Boltzmann Code
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Ny /NO DISCHARGE

DISCHARGE VOLTAGE
4168 kV/div

«e—DISCHARGE CURRENT
4 kA/div

TIME 100 ns/div

<«— FLUORESCENCE AT 2362 A

E-BEAM CURRENT
«— (0.6 A/cm? IN DISCHARGE)

Figure 7 Experimental Results in NZ/NO Discharge
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energy emanates in the y-bands of NO indicating efficient transfer from

NZ(A) to NO(A). The NO(A, v = 0) - NO(X, v = 0) is faint because the
photographic plate is extremely insensitive below 2300 &R. Also shown in
Figure 8 for the purpose of precise wavelength calibration, is a mercury
spectrum. Because of these results we investigated the possibility of ob-
taining lasing action on the NO y-bands. Unfortunately because of the lack
of time the research was limited to theory only.

2. yZ(A) PRODUCTION IN A DISCHARGE

From Figure 6 it is clear that the discharge energy is split into pri-
marily the A and B states of N,. Some of the energy is also depicted into the
a' and C states. Unfortunately very little is known about the kinetics of the

a' state and so we will ignore it in the subsequent discussion, The rate equa-

tions for NZ(A), NZ(B) and NZ(C) are:

dN,(A) R,© N, (B)
2 A°E 2 2
= F N, ko No(B) + -k {N A} 1
at kT, tN2kea M) T T 2(A) (1)
dN,(B) R,O N,(C)
2 BOE 2 2
- ®r t Mkac N, () + =+ 0.8kp{N2(A)}
(2)
N,(B)
- Nakea NP

N,(C)

dN.(C) R0
2 cE 2
+0.2k {NZ(A)} S N, kg Np(C)  (3)

dt KT C

where R ,, RB and Rc is the fraction of discharge energy going into the A,
B and C states, respectively. K is the Boltzmann constant and T,, TB and

TC is the energy of the A, B and C states. kBA and kBC are the deactiva-

tion rates of NZ(B) - NZ(A) and NZ(C) - NZ(B) while kp is the NZ(A) pooling
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reaction. Detailed kinetics done by SRI show that about 80% of the pooling
reaction form NZ(B) while 20% eventually forms NZ(C)' OE is the discharge
power input per unit volume. The simultaneous solution of Egs, (1) - (3)
will give the temporal populations of NZ(A)’ NZ(B) and NZ(C)’ However, if
we are interested in only the NZ(A) state and time resolution of = 20 ns, we
can reduce the three equations to one.

At an atmosphere the deactivation time of NZ(C) by nitrogen is about
3 ns, while NZ(B) is deactivated in 20 nsec. So if we are not interested in

time scales of 20 ns and less, the rate equation for NZ(A) becomes

dN,(A) Rpbp a2
dt -~ KT, ~2pYe

R =(RA + B +RC KT
T ~ \KT, " KT, " KT, A

e cm3/sec. The factor 1/2 in

The pooling rate as measured by SRIis 10~
Eq. (4) is to account for return to NZ(A) from NZ(B) or NZ(C)' Equation (4)

can be integrated to give (assuming O is constant)
2Rp6p /T
Nt = k t/T
P e +1

1

'[2 kp RTQE/KTA

T (6)

As an example, let's consider the peak NZ(A) density for discharge
parameters achieved in our experiment to date. We have deposited 375 J/

liter in 150 ns at electric fields in excess of 25 kV/cm-atm. So eE is
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2.5 x 106

watt/cc. From Figure 6, Ry = 0.3. Substituting into Eq. (6),
we find that 7 = 8.1 x 10-8 sec. So after 150 ns, the NZ(A) density is ap-
J proximately 8.5 x 1016/cm3.
3, NZ/NO DISCHARGE KINETICS

| If we add 3 torr or less of NO to an atmosphere of N, then we have

to account for the deactivation of NZ(A)’ NZ(B) and NZ(C) by NO. These de-
activation rates have been measured recently by SRI. Once again, however,
we car. reduce the three rate equations to a single equation if we are inter-

ested in times of 20 ns and longer. Equation (4) can then be rewritten as

fiN—2(152:1{('3 -E{N(A)}Z-k N.(A) NO (7)
dt TV E 2 2 OA "2
where kOA ( 8 x 10"11 cm3/sec) is the rate at which NZ(A) is deactivated
by NO. In writing Eq. (7) we have also assumed that NZ(B) and NZ(C) are
deactivated by N2 only. This assumption is valid provided that the fraction
of NO present in the N,-NO mix is = 1072,

Equation (7) can be integrated to give for times = tp the pulse time

to give
k_N
N0 tanh (€t) [(—Ré—o-) + B] (exp 2 €t + 1)
z(-zl’- N, + p)(exp (2et) +1) - pz
where
2
o1z 2 : 8RO 2 .
o = Z)|\x KT K k (9)
\ P P P
| and
: k N
; ¢ = 22 +£ (10)

31




We can now approximately compute the NO(A) number density by
integrating the following equation

k
d _ "OA L
I NO(A) = —— NZ(A) NO - NO(A) [T = kON NO] (11)

where 7, is the spontaneous radiative lifetime of NO and kON is the deac-

tivation rate of NO(A) by NO. Integrating Eq. (11) we find

kOA t
NO(A) = —— NO exp(t/7) f dt, N,(A) exp(-t, /7) (12)
0
where
Loty 2 i NO (13)
T N ON

The reason that we divide the first term on the RHS of Eq. (11) by 2 is be-~

cause, according to SRI, only 50% of NZ(A) deactivation goes into making
NO(A).

In Figures 9, 10, and 11 we see the results of having 1015, 1016
and 1017/cm3 of NO in a square-topped pulse of 200 ns duration. The con-
ditions are similar to the discharge conditions obtained in our experiment
except Op in our discharge was not square-topped. Notice that the peak

= to 6 x 1015/cm2. For the con-

NO(A) population increases from 2 x 10
ditions run in our discharge we expect about 25% less energy into the NZ(A).
As a result for an NO concentration of 1017/cm3 we expect an NO(A) density
of about 4 x 1015/cm3.
4. GAIN OF NO y-BANDS

The gain G between an NO(A) vibrational level v' and a ground stite

vibrational level v'' is given by
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Figure 9 Predicted Temporal Evolution of the NZ(A), N>(B), N,(C) and
NO(A) States. The electrical power input is assumed to be A
square topped and 200 ns in length. The NO number density is E

1015 /cm3.
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Predicted Temporal Evolution of the N3(A), Np(B), NZ(C) and
NO(A) States. The electrical power input is assumed to be

square topped and 200 ns in length. The NO number density is
1016 /cm3.
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square topped and 200 ns in length. The NO number density is
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22 1 N

8rAv T(Vv', v'") g

G(v', v'') = (14)

where 7 is the spontaneous lifetime, g is the degeneracy factor, A the wave-
length, Av the line width and NV,(J) the inversion density of a particular ro-

tational line J

N_, (27 +1) S
Ng(D) = —gT7E— °*P [412%1] (15)

where Nv' is total number density of the NO(A)v' level. We are assuming
that the lower level has a negligible population. This assumption has been
investigated thoroughly and will be discussed subsequently. For NO(A)

B/K = 2, 8°K and the peak population occurs at Js where

KT 1 g
Jm=J'ﬁ-EN6.71.e.,7 (16)

The spontaneous lifetime 7(v',v'") can be computed from the oscil-

lator strengths f using the following expression

fr aREEas@es g B, (17)
87re2
and
87r2mc = 2
fv', v'') = -—3—h—2— v(v', v'') R 7 q(v', v"') (18)
e

where q(v',v") is the Franck-Condon factor. Because R_ is slowly varying
we will assume it is a strict constant. f(0, 0) has been measured experi-
'.m,entally(13) to be

£(0,10) = 3.9 x 107% sec" !

(13) G.W. Bethke, J.Chem. Phys. 31, 662 (1959).
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oY » .i
)2 £(0,0) v(0,v") i
§ "y = 2 1 5,
% The Frai.ck-Condon factors have been computed in great detail‘14) so we ' "
can now write Eq. (14) as I
) - . b
| 0. 083N
R | ’ v (0, v'")
Gl0,v") = To6r AV I.51 (20)

In arriving at Eq. (20) we have assumed a degeneracy factor of 12. Inpar-

ticular the gain of the most promising bands is

G(0,1) = 2.7 x 1071 N_/em
G(0,2) = 2.3 x 1077 N_/em
G(0,3) = 1.5 x 101" N_/em (21)
G(0,4) = 8.1 x 107'® N_/em
G(0,5) = 3.9 x 10! N_/em
' ] So for the peak predicted NO(A) population of 4 x Ton Er L i
j,,, maximum gain is only about 10%/cm. For such a gain, and no active me-

dium absorption, lasing should be possible in our present cavity.
5. POPULATION OF THE GROUND VIBRATIONAL LEVELS OF NO
The NO ground vibrational levels are the lower laser levels and

hence it is of interest to investigate the rate at which they are produc.d in

'-‘ a discharge. There are three primary methods by which they can be pro-

b duced: (1) direct electron impact; and (2) transfer from N2 ground vibra-

tional levels; and (3) NZ(A) deactivation by NO. We will discuss each method

separately.

‘ (14) H.P. Broida and H. M. Poland, Bull. Am. Phys. Soc. 15, 1526 (1970).
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(a) Direct Electron Impact , .:'
Spence and Shulz(1 >) have recently measured the electron impact
cross section for pumping NO ground vibrational levels and found that each .
157 2 | &

had a series of sharp peaks having a maximum amplitude of 107" ¢cm” and

a half-width of 0.05 eV. We have put these cross sections into our Boltz-
mann code and obtained a predicted pumping rate of about 4 x 10—11 cm3/
sec. So in the presence of 2 torr of NO and a discharge current of 100
A/cm2 the rate of producing ground-siate vibrational levels is about 3 x
' ' 1019 sec—l. The rate for producing NO(A) is 1022 - 1023/sec. So we see
that NO(A) is produced at a rate that is two to three orders of magnitude i
faster than by electron impact, so we can neglect electron impact excitation
of the NO ground leveis.

(b) Transfer from N, Vibrational Levels }

) - |

and

The transfer from NZ(V = 1) to NO(v = 1) has been rnea.sured(16

15

found to be 1.2 x 10 cm3/sec. If we assume that NZ(v = 1) is deactivated

at 2 negligible rate we can write
Nz(v =N k1 n, NZ t (22) |

where k1 is the rate of producing NZ(v = 1) in a discharge. n, is the electron
density, NZ is the nitrogen number density and t the time. Further, if we

‘ neglect the loss rate of NO(v = 1) we can write

NO(v=1) = 6 x 10"16k1 n, N, NO ¢2 (23) ‘

k1 has been evaluated by the Boltzmann code to be 1. 85 x 10-9. A discharge
current density of 100 A/c:m2 corresponds to n, ~ 5 % 1013/cm3. So after

200 ns population of NO(v = 1) is about 6 x lolz/cm3 and hence is negligible. » l

(15) Spence and Shulz, Phys. Rev. A3, 1968 (1971).

6 (16) P.F. Lewis and D.W. Trainor, Avco Everett Research Laboratory,
AMP 422 (1974).
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The vibrational levels of NO(X) can also be pumped by the NZ(X)

vibrational levels in the following manner
Nz(v =n) + NO(v=0) = NO(v=1) + Nz(v =n-1)

Unfortunately these rates haven't been measured. Because of the anhar-
monicity this rate will increase with increasing n. However, this increase
will probably be partially offset by the decrease of the vibrational population
with increasing n. Estimates based on the rates predicted by the Boltzmann
code and anharmonicity of the N2 vibrational levels give a population for
NO(X, v=1) = 6 x 1013/cm3 after 200 ns. This population is 10-100 times
smaller than the predicted NO(A) number density and hence negligible.

(c) EZ(A) Deactivation by NO(X)

SRI have made careful measurements of the deactivation of NZ(A) by
NO(X). They have concluded that about 50% of the energy goes into NO(A) and
25% into NO(B). They haven't accounted for the remaining 25%. If this en-
ergy goes directly to one lower vibrational level of NO(X), it could be signi-
ficant. However, because of the big energy difference and the number of
vibrational levels, it appears unlikely that there will be appreciable pumping

of NO(X) by N,(A),
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